An adequate theory of solutions for biological systems must depend upon the development of laws defining the mutual interaction, in each others presence, of ions and such dipolar ions 1 as amino acids, peptides, phospholipids, and proteins. The interaction between ions and dipolar ions is a function of the size, shape, and electrical moments of the latter, and also of the ionic strength and dielectric constant of the solution (5, 7). Precisely as the interaction between ions and one dipolar ion species may be shown to be diminished by the concentration of a second dipolar ion, so also increase in ionic strength may be shown to diminish the interaction between two species of dipolar ions. There is thus a multifunctional relation between the physical chemical behavior of the ionic and the dipolar ionic components of biological systems as a function of temperature, ionic strength, and dielectric constant, as well as of their specific properties.
neutral salts and two amino acids. Adopting the method of solubility we have chosen cystine as saturating body because it is the least soluble of the amino acids; and because its S-S grouping, and accurate colorimetric methods for its estimation, render it possible accurately to determine its concentration in the presence of other amino acids. Glycine was chosen as the second amino acid because the structural configuration (4) 2 and the electrical moment (11) of this simplest dipolar ion are now better known than that of any other. Two salts have been investigated, sodium chloride, which increases the solubility of cystine at all concentrations that have been studied, and sodium sulfate, which increases the solubility of cystine in dilute solution, but which has a "salting-out" effect in more concentrated solution (5 ~, 13) . Thus the influences of neutral salts on cystine have been found to be very similar to those upon proteins (5).4 Studies upon this tetrapolar amino acid might therefore serve to reveal certain PtF~SICAL CHEMISTRY OF AMINO ACIDS. XI of the forces that obtain in systems containing electrolytes and proteins.
Materials and Methods
The methods for the purification of the glycine (6), of the cystine, and of the sodium chloride and sodium sulfate employed in this investigation have previously been described (13) . The pure solvents were prepared by weighing glycine and sodium chloride, or sodium sulfate, into volumetric flasks which were then brought to volume with distilled water. The concentration of glycine and of salt in the solvents, given as mole per liter, are recorded in the second and third columns of the accompanying table (Table I ). Because of the very low solubility of cystine the density of the solvent, given in the first column of Table I , may be considered equal to the density of the solution.
The solubility of the cystine in these solvents was always determined colorimetrically by means of the Folin uric acid reagent. Comparisons with known standards were carried out with the Koenig-Martens spectrophotometer in the manner previously described (13) . The solubility of cystine is given both as mole per liter, n4, and as mole fraction, A r.
EXPERIMENTAL RESULTS
The results of the measurements on systems containing cystine, glycine, and sodium chloride are graphically represented in the accompanying figures (Figs. 1 a and lb) , in which the solubility of the cystine is always given as mole fraction, N. The lowest curve in Fig. l a gives the interaction between cystine and glycine in the absence of salt. In the systems containing glycine solubility is always higher, and higher the greater the concentration of glycine and of salt. Whereas both glycine and sodium chloride have a solvent action upon cystine, the influence of each of these solvents is to decrease the effect of the other. Thus in the presence of 2 molal sodium chloride, 2.8 mole of glycine changed the solubility only from 0.000714, the value in the absence of glycine, to 0.000813, the value in the presence of 2.8 mole of glycine, whereas the solubility of cystine in water is 0.000454 mole per liter and in 2.8 mole of glycine 0.000779 mole per liter. The action of glycine in increasing cystine solubility in water (curve 1, Fig. 1 a) is thus nearly 70 per cent, whereas it is only 14 per cent in the presence of 2 mole of sodium chloride (curve 4, Fig. 1 a) . We must therefore conclude that the interaction between these dipolar ions is a function of the sodium chloride concentration, decreasing with in-creasing ionic strength. The application of this principle to other amino acids and proteins is being further studied.
The converse to the above statement regarding the influence of ionic strength on the interaction between dipolar ions may also be made. For our results demonstrate that the interaction between ions and the dipolar ion cystine is a function of the other dipolar ions in solution, diminishing with increasing glycine concentration. The very profound solvent action of sodium chloride on cystine is greatly reduced in the presence of even a mole of glycine, and is almost negligible FIc. lb. Influence of glycine on the interaction between NaC1 and cystine.
in the presence of a 2.8 molal glycine solution. In so far as the interaction between the sodium and chlorine ions and the charged groups of the tetrapole cystine depends upon electrostatic forces, this effect is understandable, for by definition change in free energy due to electrostatic forces must, according to Coulomb's law, diminish inversely as the second power of the dielectric constant, and the dielectric constant of a 2.8 molal glycine solution is 141.8, or as much above water as water is above butanol. In these terms an explanation may therefore be sought for the very profound differences between the curves in Fig. 1 .
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Cystine is sufficiently insoluble so that the ratio of the solubility in any of the systems studied to that in any other system, considered as standard state, yields an activity coefficient. For the purpose of analyzing further the interaction between cystine and sodium chloride, or cystine and sodium sulfate, we may define the standard state as the solubility in the system containing the same concentration of glycine, but in which the ionic strength is zero. In the case of four component systems, however, some further definition must be made in relating the properties of the different solutions. The simplest procedure would be (1) to assume that the water displaced by salt in the systems studied has no appreciable effect on either the solubility of cystine or the dielectric constant of the solution. N' is defined as the solubility in terms of mole fraction in the absence of salt according to this assumption, and is the value obtained for the systems without salt upon which such measurements were made.
A better procedure (2) might be to consider the standard state for each system containing salt as that of a system containing the same mole fraction of glycine and water, but no salt. By calculating the mole fraction of glycine, nl/(nl + n~), in each system containing salt, it has been possible to estimate the solubility, N", defined in this way from a curve in which measurements of log N were plotted against nl/(nl + ns). Values of log N" computed in this manner are also given in Table I . The differences between log N' and log N" never exceed 0.003 in the systems containing 0.5 molal glycine or 0.006 in the systems containing 2.8 mole of glycine.
A further assumption must be made in order to obtain an estimate of the dielectric constant in the solutions containing neutral salts (16) . Since the conductivity of such solutions precludes their being measured directly, the simplest procedure (1) would be to take the dielectric constant of the salt-free glycine-water systems employed in the solubility measurements (20) as applying also to the systems containing salt (7).
Two possible objections might be made to this procedure. On the one hand, it might be argued that the dielectric constant will not, on this basis, be equal to that in the standard state as defined by our second procedure above. The latter will be higher in glycine concentration (mole per liter) by an amount that may be estimated by the relation On this basis (2) the concentration of glycine in the presence of 2 molal sodium chloride would be 0.521 instead of 0.5 in the salt-free system that was measured, and the dielectric constant would be 90.31 instead of 89.84. The effect would be greater in the 2.8 molal glycine solution, the solubility of which in 2 molal sodium chloride on the above basis should be referred to a system containing 2.934 mole of glycine and having the dielectric constant of 144.85 instead of 141.82.
Whereas estimation of the dielectric constant of the solutions chosen by the second method for the standard state leads to a higher value of the dielectric constant, other considerations suggest lower values than those of the systems measured. Thus the displacement of a certain number of water molecules by salt molecules might be expected to slightly diminish the dielectric constant of the solution. If we assume (3) that each mole of water has the same effect in all of the systems studied, we may make a simple correction for this factor by subtracting the quantity (78.54-1)/55.344 = 1.4 for each mole of water displaced. According to this calculation the influence of the salt on the dielectric constant depends upon the water displaced. Assuming that salt does not contribute to the dielectric constant of the solution, the influence of 2 mole of salt on the 0.5 mole glycine, instead of increasing D from 89.84 to 90.31, diminishes it to 86.69, and for the 2.8 mole glycine, instead of increasing D from 141.82 to 144.85, diminishes it to 138.24. These two assumptions, illustrated by the data in Table II are opposite in direction and approximately equal in magnitude. All of our results have been calculated in these ways and no essential differences in the results obtained were observed. We have therefore tentatively chosen the simplest procedure of employing the dielectric constant of the salt-free systems measured (column 3, Table II) in the following calculations.
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In our studies at low dielectric constant we have corrected for Coulomb forces by multiplying the logarithm of the solubility ratio by the ratio of dielectric constant of the solution, D, to that of water, Do, and the electrolyte concentration by Do/D (3, 5) . The quantity (Do/D) (r/2) is proportional to K 2 in Debye's electrostatic force theory.
In the case of interaction between ions and dipolar ions terms in n, or the square root of (Do~D)(P/2), vanish (17) , and the first term is therefore in K 2. If therefore we plot the measurements, made at different glycine concentrations, and therefore at different dielectric constants, with (Do/D)(F/2) as abscissa and (D/Do) log N/N' as ordinate, all the curves should coincide provided the interaction between ions and dipolar ions at such high dielectric constants were completely ascribable to Coulomb forces.
Although our studies upon glycine in regions of low dielectric constant indicate that as a first approximation Coulomb forces suffice for the interaction between glycine and lithium chloride (3, 5, 11) , the measurements now reported upon cystine in systems containing glycine and sodium chloride are not adequately described by this assumption. Indeed, curves plotted in the above manner do not appear even to yield the same limiting slope at low values of K ~, suggesting therefore that another term must be considered.
In the case of proteins one must take into account both the solvent and the salting-out effect of neutral salts (1, 2, 9, 18, 19 ). The saltingout effect has also been shown to be important for gases, for such organic molecules as succinic acid (12) , for electrolytes (10, 15) , and for certain amino acids (8, 14) . Among these cystine is especially interesting for it exhibits both the solvent and salting-out effect characteristic of salts and of proteins. For the case of cystine in systems containing sodium chloride and glycine, we tentatively defined the limiting slope in terms of the equation: (5, 6 see also 13). against (Do~D)(1"/2) and give to K, the value 0.14, all of the measurements upon sodium chloride would extrapolate to the same limiting slope for the systems here reported. Not only is this true, but the curves essentially coincide throughout their extent (Fig. 2) . The same holds if the value for K, in systems containing sodium sulfate is taken as 0.18. Since all of the measurements that are reported fall upon a single curve or family of curves when plotted in this way, we have a method of characterizing the activity coefficients of cystine in systems containing ions and other dipolar ions.
Any equation for the curve in Fig. 2 would yield values for the activity coefficients of the cystine in these systems. An empirical expression, on the basis of which the curve in Fig. 2 is constructed, has tentatively been adopted and has the form:
Do r FKR -t-A(Do/D)(r/2) 7
This equation is an extension to systems of high but varying dielectric constant of the equation previously employed in describing aqueous systems containing cystine and neutral salts. Although there are four constants in this equation, K~ and K, have the values (13) , and appear to have the significance, previously ascribed to them. Kirkwood has suggested that the magnitude of the salting-out effect could be determined entirely by the relation s and b and the distance of the charged groups from each other and from the edge of the molecule. For the case of cystine, if we assume that each dipole has the same length as that of glycine, namely 3.17 ~, and the same distance from the edge of the molecule, namely 1.23 ,~, the limiting slope KR has a value close to that estimated from these experiments, provided the two dipoles are considered to be at an angle of 90 degrees to each other, the position they would assume on the basis of free rotation about the S-S linkage. The solubility ratios at low ionic strength are, however, higher than those calculated with the K_irkwood equation on this assumption, but not on the assumption that the dipoles are more nearly parallel (13).
Kirkwood's equation 21 (11), expanded only through the quadrupole term, does not at higher ionic strength yield an adequate description of the shape of the curve in Fig. 2 . This might not be true were all the higher terms of his equation 21 (11) taken into account, but in that case the expression would be very cumbersome. It is for this reason that equation (3) has been developed in such a form that the terms in K~ and Ko dominate at low values of the ionic strength.
For concentrated salt solutions, however, it is K, and the terms in A and B which dominate the equation. At sufficiently high concentrations, the term K~ will become negligible and the above right hand expression will approach a straight line in respect to (Do/D)(P/2), having the slope A/B. For the case of cystine and sodium chloride, A = 0.36 and B = 2.1. The slope A/B equals 0.17 and is greater than the value of Ko, and solubility will therefore increase in all concentrations of salt. This slope is, however, smaller than the value of K, assumed for sodium sulfate.
The above equation is relatively insensitive to the constants A and B and even their ratio cannot be considered as well known as the constants K~ and K,. There is very little doubt, however, that when the ratio A/B is large in comparison with K, salt will increase solubility at all concentrations. Only when K, is large with respect to A/B precipitation will occur, and the salting-out constants observed in very concentrated salt solutions represent the difference between the value of the above ratio and the true salting-out constant K,, which must be taken into account at all concentrations. Thus for cystine in very concentrated ammonium sulfate (13) over the range in which the logarithm of the solubility varies inversely as the ionic strength, the apparent salting-out constant is 0.05, or approximately one-third the value 0.16 for K, adopted from considerations such as those that have here been developed. More significant, however, than any other relation in equation (3) is that between K~, K~, and the dielectric constant. The higher the dielectric constant the smaller the value of the term containing K~ relative to that containing Ks. Thus it follows that Coulomb forces will play a smaller r61e, and the salting-out effect a larger r61e, in determining behavior the higher the dielectric constant. Since biochemical systems are generally rich in dipolar ions, and therefore will often have high dielectric constants, it follows that those forces associated with the salting-out effect must be taken into account in such systems not only in concentrated salt solutions but even in solutions of low ionic strengths. SUMMARY 1. As an introduction to the relations that obtain in biochemical systems containing several components, some ionic, some dipolar ionic, the solubility of cystine has been investigated in the presence of glycine and neutral salts.
2. Both glycine and sodium chloride increase cystine solubility at all concentrations. The interaction between cystine and ions is, however, diminished with increase in glycine concentration, and the interaction between cystine and glycine with increase in ionic strength.
3. Sodium sulfate also increases the solubility of cystine, but at concentrations greater than one molal its solvent action is smaller than its salting-out effect, which is greater at all concentrations than that of sodium chloride, and greater the higher the glycine concentration.
4. These interactions are defined by an equation giving the solubility ratio of cystine in terms of salting-out constants, constants related to the electric moments of cystine, and to the ionic strength and dielectric constant of the solution.
5. The higher the concentration of glycine and therefore the dielectric constant of the solution, the smaller that part of the interaction between ions and dipolar ions which depends upon Coulomb forces and the greater appears the salting-out effect.
6. Conversely, the greater the ionic strength and the salting-out effect the smaller the interaction between dipolar ions in solution.
